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Les nouvelle physiques sont ou?

Quantum gravity 10!° GeV
Inflation scale < 2x10¢ GeV
Majorana neutrino 10%12 GeV
Axion PQ scale 10'° GeV

(Supersymmetry?)
(Higgs composite?) ——

Le bosonde —/"'4°
Higgs 103 GeV

chaque facteur 103
- Exceptionnelle (?)

J. Primack and N. Abrams,“http://www.viewfromthecenter.com”



Self introduction: accelerator as mfrastructure for suence
HIE LDE@CERN ”

e \“ on Linac (10MeV/

LHC-- 27kt




Superconductivity

neutrino Transmon
Qubit
Photon
Gravitational waves el
New
Dark matter material
SRF SC magnet
lon trap
spectroscopy
NCRF
Amplifiers
Radiofrequency oscillators

accelerator



Advertisement: recent studies (= afternoon)
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Introduction



Laser GW interferometer
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Surface area increase = Bekenstein entropy?

PHYSICAL REVIEW LETTERS 127, 011103 (2021)

Editors' Suggestion Featured in Physics

Testing the Black-Hole Area Law with GW150914

Maximiliano Isi ,1’* Will M. Farr,z’” Matthew Giesler,4 Mark A. Scheel,5 and Saul A. Teukolsky“’5
'LIGO Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2Center for Computational Astrophysics, Flatiron Institute, 162 5th Ave, New York, New York 10010, USA
3Departmem‘ of Physics and Astronomy, Stony Brook University, Stony Brook, New York 11794, USA
*Comnell Center for Astrophysics and Planetary Science, Cornell University, Ithaca, New York 14853, USA
5TAPIR, Walter Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, California 91125, USA

Gravitational Radiation from Colliding Black Holes

S. W, Hawking
Institute of Theovetical Astvonomy, University of Cambvridge, Cambridge, England
(Received 11 March 1971)

It is shown that there is an upper bound to the energy of the gravitational radiation

emitted when one collapsed object captures another. In the case of two objects with
equal masses m and zero intrinsic angular momenta, this upper bound is 2=V 2)m.

Exciting opportunities in Blackhole physics
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Two Phenomena to address high frequency GW

The Einstein equation

1 8l
Ruv — ERguv = C_4Tuv

can be expanded to the linear order with small strain h
uv = Ny + huv

Mechanical deformation of a cavity wall Coupling to microwaves under static B
d2x 1d?h,,  1d2h,,

Az - 2 a2 *T gz Y Uhy, = —167T,,
d’y 1d?h 1d?h 1
"3 ac “tiae 4 = FuaFy® = G0 Fep ™

arXiv:gr-qc/0502054 M. E. Gertsenshtein JETP 41 113 1961



https://arxiv.org/abs/gr-qc/0502054

High-frequency gravitational waves produced in the
thermal plasma in the early universe

GW couples to photons of the same
frequency under static magnetic field

., < L >
h GW "R T AAAAAS
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_ peak at 80 GHz
1046 High-power 80GHz gaussian beam may
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10 A. Ringwald et al, JCAP 03 (2021) 054 " R
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History of the Universe
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News from astronomy: pulsars (15 yr) axiv2306.16213v1

The NANOGrav 15-year Data Set: Evidence for a Gravitational-Wave Background (a)
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However, GWB signals that are not produced by popu-

lations of inspiraling black holes may also lie within the

. . . nHz band; these include primordial GWs from inflation,
 Th ey claim an evidence of stochastic GW scalar-induced GWs, and GW signals from multiple pro-

backeround at verv low frequency (nHz cesses arising due to cosmological phase transitions, such
g y g Y ( ) as collisions of bubbles of the post-transition vacuum

¢ ThElr FESU|tS are COhSlStent Wlth maSS|Ve bIaCk state, sound waves, turbulence, and the deca,y of any

hole mergers but do not exclude other defects such as cosmic strings or domain walls that may
gy have formed (see, e.g., Guzzetti et al. 2016; Caprini &
possibilities

Figueroa 2018; Domenech 2021, and references therein).



Re-discovery of the Moon by LEP
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Naive insights

* Accelerators already observed gravitational tides

* But not gravitational waves
e Gravitational waves are quadrupole
e X and y strain may be cancelled
* Beam trajectory may not be influenced by GW

* The sensitivity may not be enough
e But what determines the sensitivity / resolution ?
 How to improve? Feasibility?

- Let us carefully investigate the GW interaction with accelerators



Theory
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Conventional detection of GW

The Einstein equation z
1 876G — * Detector in
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Structure oscillates in x and y
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ow about the 2"? order in h,,,?

u 1 uv 1 uv 3
r af ~ 577 (hva,,B + hvﬁ,a — ha,@,v) — Eh (hva,ﬁ + hvﬁ,a - haﬁ,v) +0(h?)

40 (4x10) Christoffel symbols need to be checked

1 1
I‘xOx = FxxO ==-n*v vox T hvx,O _ﬁO/x,v) - Ehxv( vox T hvx,O - }41/)

2
1 0 1 x0 XX Xy Xz
=5 (*°hero + 1" Ayx0 +/7}/yhyx,o + szﬁ/x,o) ) (R*hgr0 + W Ry o + KV Ry o + h /4)@0)

10hy,| 1 0hy 1 0hy,

— _ _ hXX _ hXYy —
z(hxx'o P R0 = W By 2 ot | 2 ot 2 ot

1 1
FxOy = nyo = ETI” v0,y + hvy,O _/}(Oy,v) — Ehxv v0,y + hvy,o _ﬁ'(y,v)
1
= E (nx/f{y ot 77xxhxy 0 +y/a/hyy ot sz/ ) (hx%’,o + hxxhxy,() + hxyhyy,o + h%)’ﬁ)

10hyy| 6hxy 1, dhy,

— pXx xy

—_ XX
z(hxyo P hy,0 = Wy 0) = 2 ot | 2 ot 2 ot

...continue for other 36 terms



Summary of non-zero F’lw under TT gauge
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Simplification of F’lw under TT gauge

Condition: hy, = —hyy, hyy = hyy
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Riemann tensor under the gauge condition
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Further calculations
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Combine all

Not in arXiv:gr-qc/0210091
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Further calculations

15t order term cancels out
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The 2" order term oscillates circular objects

The ring circumference would change by arXiv:gr-qc/0210091
AC AC AC AC
Circumference C, A_t = (A_t) + (A_t) + (A_t>

m S GW

tidal  seasonal GW
2 2 2
Radius R, ld r _ _l (ahxx) n ahxy
r dt? 4|\ ot ot

hyxy = A, cos(wt — kz + 6)
hyy = Ay cos(wt — kz + 0)

ho =\/A3_+A§<

1dC@ _ 1TdR® 1,
G dt Ry dt ~1glowsin(Zw )

This looks coherent but stochastic nature of relic GW may smear this signal



Coherent vs stochastic relic GW (arXiv:gr-qc/0210091)

Stochastic GW (Rayleigh fading?)

6Cqw 1 (* > . 2
CO — 1_6 dQS j d¢ <(hx.X'(tJ 05; ¢S' (,()) COS 2¢ + hxy (t; 95} (PSJ (1)) S1n 2¢) >
0 0

I \

Isotopically phase Frequency average with

coming GW from  average spectral density Sp, (w) (o = f dwSy(w)f(w)
all solid angle 0

w

1 ACgW 4 1 ) = _ Sy (w): spectral density
- G A T3 16h0J0 wSp(w) sin(2wt + 26) dw
Coherent GW No major impact (unless S(w) is uniform?)
1 AC,, 1

— — h2sin(2wt + 26) Interaction between machine
Co At 16 circumference and GW is 2" order



Experiment and time domain analysis



RF frequency and circumference of Spring-8

Circumference C, . ..-‘v = Ro~229m

* 1turn: T
e Speed of electrons v
Radius R, * Beam energy 8 GeV
e V~C
/ * Harmonic numbern = 2436

ABCD: RF stations

gﬂ 7 \' = Klystron
¢ i H. Ego et al, MOPMW009 IPAC2016
C 0 NTO UV = e RF cavities
f RF / n ES Waveguide circuit =
A, Circulator A _' E
Co = 1435.4512 m for the SO N — , TE

official specification
# 300 kW dummy load



Resolution: momentum compaction factor

AL Af Ap 1
—_——~ — T — = —
L f nC p r]C yz C
SPring-8
8 GeV > 1/y%~4x107"° AL
a,~1.46x107* - T~10_7 = 0.1 ppm

Ap/p ~1.08x1073



Observations over 25 years

18
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16

explained by temperature
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2 508.5796 —
5085794 =

* Annual modulation (0.32 508.5792 =

ppm) is clearly correlating 508.579 ¢ =
to the temperature
modulation

* - thermal shrinkage

o 22

— . . e 21 E-

* Significant shift of RF in 2 20 E-
. o —

the first 2 years cannot be 3 19
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Time domain analysis: fitting the initial RF shift

— ~ T | | 7 ]
T 508.58021 . ., -, : . =
g - :o ° ‘: o ° 0. ° .o. & . .
=, 50858: .:: . ',.‘ : . ) ': -
8 - g % . 1 The ring shrunk by
D 508.5798 - o #° %%.° 1 around 1.2 mm (0.86
S 508.5796 £ & | Ppmiwithatime
= :':. k. ’ 1 constant of 1.88 years
L 508.579414 e ey |
N —0.428810.0003317 :
508.5792/% ¥ . " mizos] | Very good
" 508.6 * 2.56546-07 ] i
508 579 = _.0'09060|7i1{791.e_0? LT resolution to
0 8 10 monitor strain
Fitting function :
time [yr]

p0*sin((x-pl)/p2) + p5*exp(-x/p3) + p4
p2 was fixed at 2ntx1 yr



Hypothesis: Shrinkage of drying concrete?

E 1435.048— | _
() - . —
% 1435.9475 — ?' '2 2 Sprmg-8 ] — Compare to a dedicated study of concrete
- /% _
“GE'J 1435.947 g;‘:% : “% 8 % .00 - - (Japanese paper)
3 - {g::ﬁ&:v:-.‘.'ﬁv?.*.'?&‘.‘-%'.o P,
5 1435.9465 3/ /0/8 048 % i0 0e82880/%0% /0 04%0
- % olg?% ¥ W“‘.:“ o :!“::: 1248\8 1008 - K. Sataka and K. Osamu, A study of the water
1435.946( gg ppm ¥ o * " ff{ AR RR ¢ .3 e g diffusion and shrinkage in concrete by drying,
14359455 — @ 0 4 +ARFLAHNIREE F3162 19814F 124
5 10 15 20 25
time [year]

Constant temperature (20C) and humidity (60%) room

22.X'= %cm AGO O: X= 2 cm
X: depth from surface ,:40 35 18 A Sy = 6 e
- : " % A 16 #
Shrinkage w30l L2 " 18 s = ai , 1§ . .
— . 0 I S40—| ™ » 20 » /O/O/Tf”“
107*/ 100 days if the = 00700 = I e
; i —°7 : o ="
depth is >20 cm = 0, 0°° Specimen:C - °/ I /:/A/A l
5 10l p foe Do = ,:/Z:j‘__,.;:g/
. . -— p— 7 -E f o —_— a
S-P-H-n-g—g-psé—m § | o— ‘:!:_: = e X E% ;/u/
urderground bogep-p-8-0:f-8—C— 0 o7 M Zessrunmiel B .
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Drying time (days) Drying time (days)



Spectral analysis



RF [MHz]

Time domain data over 25 years

+5.0858€2
0.0002 -
- 1000
RF -21
0.0000 -
- 990
l ' | 20
~0.0002 - | ’ ﬁ H | O oo
. v =
19 5 =
-0.0004 - ¢ 970 7
18 £ L
8 Q.
—0.0006 - ’ ‘ - 960
u - 17
~0.0008 - “ pressure L 950
temperature - 16

6 é 1'0 1'5 2'O 2l5
time [yr]
Power spectrum is of great interest

But the data was not recorded periodically = FFT is not applicable
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Understanding the Lomb—-Scargle Periodogram
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LINEAR object 11375941 Lomb-Scargle Periodogram
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time (MJD)

e Commonly used algorithm in the astronomy

* Modified from classical Fourier transform of unevenly spaced data (Schuster periodogram)

* The y-axis is not the classical spectral power density but chi2 of fitting time domain data by a
sum of sinusoidal functions



Uniform data acquisition (Dirac comb)

Uneven Fourier analysis: uneven Dirac comb

e Gaussian signal in time domain
* Different recording times

Nonuniform data acquisition

|eubis

1.0 -At=0.5 1.0 avg(At) =0.5
FT FT
05 — . 05 —
0.0

0.0
1.0
0.5
0.0

1.0
0.5

0.0

1.0
FT s FT
— a 05 L ——
o
<
0.0
U Pointwise Product U Convolution U Pointwise Product
1.0
FT § FT
l l — ® 05 —
<
| | 3
A l I A 0.0 Al ll I
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
time frequency time

The Fourier spectrum is a convolution of the signal and the window

MOPUIA jeubis
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Fake peaks in unevenly spaced Fourier analysis

Lomb-Scargle is not free from fake peaks due to aliasing and window
* Window is non-uniformly distributed Dirac comb & finite period of data set
* Aliasing is from temporal resolution and different from classical Nyquist for FFT (f/2)

Aliasing 1/n days

\
‘I.O{ \

0.8 n

0.6

0.4

window power

0.2

\

period



Periodogram of SPring-8 data

109 3
1071 3
1072
E
[1¥]
= -3
= 10
=
(@]
Q.
1074
107 —— RF
—— temperature
— pressure
10~© T
107° 1074 1073 1072 1071 10° 10! 102 103

period [yr]
Some peaks are correlated among RF, temperature and pressure data
— Data were not taken in the same time = time window need to be analyzed



Window function of RF data

1.04 A

frequency domain

Time domain

1.02 A

1.00 A

0.98 A

0.96 A 10-12

MRAR | T v vevrveeng v T v verrg v v yrrveveeng v LR LR A |
10~4 103 102 10-1 100
period [yr]

0 5 10 15 20 25
time [yr]

* RF data was not taken during shutdown, RF testing, etc
* Prepare a time-domain data set of ON/OFF

* Fill “1” on the time when RF data was measured
* Apply Lomb-Scargle to this ON/OFF data set

e Peaks are clearly visible in frequency domain

* “Fake” peaks due to periodic shutdown etc



power [a.u.]

Compare window effect and data (all)
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Compare window effect and data (around 1 day)
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power [a.u.]
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0.00

Fake peaks in RF explained by window effect
Probably a correlation to at which time we record data in one day
Peaks shorter than 1 day could be aliasing
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power [a.u.]

Compare window effect and data (up to 365 days)
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g Peaks due to window effect (RF shutdown, maintenance, tests, etc)

| \

—— RF

—— window * Annual modulation

—— pressure due to temperature

—— temperature * No window effect
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Compare window effect and data (years)

0.200
 Temperature and pressure does not have clear structure e RE |
01751  more than 1 year — F\;vr':s;v:e
 The window effect and RF structure are not fully correlated —— temperature
0.150 A . . .
* Physics might be hidden there
0125 * Phase analysis (?)
> * Mutual correlation (?)
é‘ 0.100 \
* 0.075 /
0.050 ‘
% “
0.025 '\‘ "
]‘w i T — D = T T T
5 10 15 20 25

period [yr]



Stochastic relic GW (arXiv:gr-qc/0210091)

Stochastic GW

6Cqw 1 (* > . 2
- T T, d'Qs _[ d¢ <(hxx(tJ Os, ¢S' (")) cos2¢ + hxy (t’ Os, (PS' w) > 2¢) >
0

Co 16 J,
\ \ \

Isotopically phase Frequency average with ©
coming GW from average spectral density S (w) (o = j dwSyf(w)
all solid angle 0

w

1ACy, 4m1 ., (° |
_)Co Ar -3 16h0J0 WSy (w) sin(2wt + 26) dw
ComTo 1 C S;,(w) depends on
0~ 1oV = ,
fre/M cosmology and astrophysics

n = 2436
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Conclusion

* Stochastic GW is very important subject in fundamental physics
* We are the most interested in something from the very early universe

* NANOGrav published pulsar data of 15 years

e A ’Ejheory predicts that stochastic GW background would interact with circumference of ring structure in the 2@
order

 Some issues in the calculation need to be assessed
—> If this is true, storage rings may be a research tool of GWs

* We extracted 25 years data from SPring-8
e Circumference is precisely reconstructed from RF frequency data and has sub-ppm resolution
* The annual modulation is correlated to the underground temperature so this is caused by thermal shrinkage

Time domain analysis revealed exponential shrinkage of the ring
* 0.86 ppm and time constant of 1.88 years
* Drying concrete may qualitatively explain this phenomenon but quantitative study seems hard

Frequency domain spectral analysis revealed interesting structure
* Lomb-Scargle algorithm was used (common tool in astronomy)
* Some of the structures were explained by the window bias caused by shutdown, maintenance, DAQ time, etc
* Some peaks at very low frequency cannot be explained by the window, temperature, and pressure variation

To which S(w) should we compare the data and either support or exclude the theory?
Can we make a theory-experiment collaboration for data analysis?
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Assumptions of relic gravitational waves

Decoupling from equilibrium: (T/H) = (T/Mp;)3~1 - 10~** sec

e [:interaction rate, H: Hubble parameter

* |[sotropic

* Unpolarized: A ~A,

e Stationary

+ Intensity of of relic GW: Oy = ool 2Pew
Y PUHGW T 3H2 dlog f

* Hubble constant Hy = hyx100 km/sec MPc
Characteristic amplitude of GW amplitude

1 mHz\ 32 (RhoQ 7 A 12
hc(f,Af)=7-111X10_22( r; Z) (018V—V8(f)) (3.17><1/;—8 Hz)

* Measurement bandwidth Af = 1/T, with T total observation time

M. Maggiore arXiv:gr-qc/0008027 (2000)



Theoretical

Cosmic string vibration

(Topological defect of GUT) N ______

gw]

Log[ h,"@

0.0

2.0 -

40 -

M. Maggiore arXiv:gr-qc/0008027 (2000)
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oredictions in 2000 (to be updated)

QCD 1%t order phase
transition f~4x107° Hz



Remark: relation between h§" and hq  anvaraonons

They assumed that the seasonable force is from the gravitational force between the Sun and the Earth:

U — oM 1 1 1r-Rg
s(N = Mo\ (g7 "7, ~ &3

Radius of the Earth r = 6.378X10° m

Distance between the Sun and the Earch Ry = 1.496x10'! m

Mass of the Sun Mg = 1.989x103° kg
Newton constant Gy = 6.638x10* m3kglyr2

And assumed that energy density of this seasonal force and relic GW is the same due to the same stiffness of the machine

- They estimated hgy,, ~5X1071¢ and hy~7x107%, so f = w/2m ~2x1078~1.6 yr and Q¢ ~5x10711

However, Takao’s data excludes the assumption

* Motion between the Sun and the Earth must be
correlated to the atmospheric temperature

* Takao’s data showed that the circumference’s change is
correlated to the underground (5 m) temperature that
significantly delays (2-3 months) from the atmospheric
temperature

- The cause of seasonable change is from thermal
expansion related to the underground temperature
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